In this paper, a nonlinear theoretical simulation method based on a 1-D electron ring model for a new extended interaction structure-the radial extended interaction oscillator (R-EIO)-working in the fundamental mode is presented. The R-EIO has a compact structure and good heat dissipation characteristics. Furthermore, because of a significant increase in the electron injection channel area, the R-EIO has the potential for higher power operation using the same current density condition as a traditional EIO structure, giving it great research value. This paper presents an example of predicted R-EIO performance based on the results of nonlinear theoretical simulation and particle-in-cell (PIC) code simulation. At a voltage and current of 3 kV and 8.48 A, respectively, the theoretical simulations predict that the as designed R-EIO could generate 1.8 kW at 12.2104 GHz, while the PIC simulation predict 1.7 kW at 12.5 GHz. Similar results could be obtained from the nonlinear theoretical simulation, which cost less than 5 min, while about 50 h for PIC code simulation in the same computer condition.
I. INTRODUCTION
The extended interaction device is an important class of vacuum electronic devices. The extended interaction structure typically consists of several cavities of the doubly reentrant type that are strongly coupled by slots in the walls [1] , [2] . The electrons interact with the RF field in the interaction gap of each cavity. When the electron velocity is synchronized with the field, its energy can be effectively extracted. The distributed interaction reduces the field level in the cavities compared with that of a single gap structure, thus increasing the RF power capability of the tube. The field of the front gaps can be strengthened effectively due to the couplingslots, and thus, the interaction length of the extended interaction device could be shorter, and the overall volume of the device can be much smaller. The vacuum electronic devices with the interaction structure, such as the extended interaction klystron (EIK) and the extended interaction oscillator (EIO), are often the devices of choice for high average power operation [3] - [5] . For example, the EIO is capable of kilowatt-level continuous wave (CW) power output in the Ku-band and hundreds of watts CW in the Ka-band. It is available at even higher frequencies although with reduced power. Currently, extended interaction devices have been increasingly employed for satellite communications, climate monitoring, deep space topology imaging, and so on.
To meet the requirements of high power and high frequency, various types of extended interaction structures have been studied. In this paper, we propose a new extended interaction structure-the radial extended interaction oscillator(R-EIO) -which features high RF output power and good cooling capacity. This structure could be designed in a large size to facilitate micromachining. The electron optics systems are enclosed at the center of the R-EIO, so the R-EIO has advantages such as compact structure and good mechanical shock resistance. Due to the large emitting surface area of the cathode, the R-EIO has the potential to achieve higher current and higher output power compared with conventional structures.
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In this paper, it is not our intent to offer an optimized R-EIO design to compete with existing conventional EIO designs. Rather, the main goal of this paper is to present a nonlinear theoretical method for the analysis and design of radial extended interaction oscillators. While we make some simplifying assumptions, this theoretical method has a significant advantage in rapid calculation and has the potential to obtain similar results as a 3D particle-in-cell (PIC) code simulation. As an example, we present the results of a specific R-EIO design simulated using this nonlinear theory and compare it with 3D PIC code simulation as a way to validate the theoretical results.
The organization of this paper is as follows. In Section II, the design process and cold cavity analysis are presented. In Section III, the theoretical analysis and calculations are given. Section IV shows PIC simulation results. Section V gives a summary and discussion.
II. DESIGN PROCESS AND COLD CAVITY ANALYSIS

A. PHYSICAL MODEL
As shown in Fig. 1 , the overall structure is cylindrically symmetric with the cathode is located in the center and separated from anode by two insulating rings. There is metallic mesh film between the electron generation section and the interaction section. The radial moving electron beam can interact with the radial electric field when crossing the high frequency region. The electromagnetic energy can be coupled in each gap through the electron beam channel and the electric field in the front gaps can be strengthened during the interaction process, so more effective interaction could occur in a certain interaction length. The focusing magnetic field aligned in the same direction as the radially moving electron beam could be generated by two symmetrically magnetic poles such as two helical coils with the reverse currents located on the axial section. In addition, in order to obtain higher current, the height and the shape of the cathode could be adjusted and optimized according to electron optics system simulations. 
B. COLD CAVITY ANALYSIS
The structure parameters of the sample R-EIO under investigation are shown in Table 1 . In the optimizing process, the parameters should be optimized using the theoretical analysis and calculation methods outlined in Refs [6] - [8] . The electromagnetic simulation software CST was used to analyze the cold characteristics of the R-EIO resonator. The resonant frequencies of the R-EIO resonator exported from the cold cavity electromagnetic simulation are shown in Fig. 2 . 2104GHz. The quality factor value of 500 was obtained from the standard relation.
The filed distribution of the fundamental mode of R-EIO is like the TM100 (r,φ,z) mode of a coaxial resonator in the electron injection channel.
The fundamental mode is the most stable operating mode of the resonator, so it has been chosen as the operating mode of this R-EIO design. In the R-EIO, the beam injection channel also plays a role as a coupling-slot. The energy can be coupled in the whole cavity through the beam injection channel, so the field in the front interaction gap could be effectively strengthened, and the R-EIO can be designed in a compact size.
As shown in Fig. 3 , the field of the fundamental mode is uniformly distributed in the azimuthal direction, so a 1-D electron ring model can be used for the nonlinear theory simulation. According to Fig. 3(b) , the radial electric field has a reverse phase on different sides separated by the axial center, so the theoretical calculation should adopt two groups of electric ring modes. 
III. THEORETICAL ANALYSIS AND CALCULATION
According to the Maxwell equations, the wave equation for the radio frequency (RF) electric field − → E driven by sources can be written as
In the R-EIO, there is only a radial current source, so Eqn. 2 can be rewrite as
According Eqn. 3, the effective interaction occurs when the radial electric field exists in the electron bean channel. Assuming that focusing magnetic field is strong enough to constrain the electrons to purely radial motion, we could restrict our analysis to the interaction between the electron beam and the radial electric field in this paper. The fundamental mode field distribution satisfies the condition of Eqn. 3.
A. BASIC FORMALISM
The theoretical method presented in this paper combines numerical calculation with electromagnetic simulation. The electric fields in the resonator are obtained from simulations using 3D electromagnetic software [9] , such as HFSS and CST Microwave Studio. Then, the beam-wave interaction process is analyzed based on Maxwell equations and equation of electron motion, as described in [10] - [12] . For an electron beam represented by n discrete electron discs, the electron beam can be described as:
Where I b is the beam current, S is the cross-sectional area of electron beam, i is the number of each electric ring, and q i is the electrical quantity of each electron ring. Taking into account the relativistic effects, the motion of the electron rings can be described as follows,
Here, -q i E ri represents the effect caused by the RF electric field, and -q i E rci represents the space charge effect caused by other electron rings. E rci can be approximatively expressed in the following form
where, i and j represent the numbers of the electron rings. Then, the Eqns. (4)- (6) can be transformed to,
In the circuit of the R-EIO, the beam-wave interaction section is typically a resonator. The profile of electromagnetic waves is mainly dependent on the structure of resonator and can be exported from the cold cavity simulations by 3D electromagnetic software. The electric field of the fundamental mode can be expressed in the following form,
where, V(r,ô,z) is the normalized field distribution function in the resonator, and V(r,ô,z) satisfies,
The energy storage in the resonator at time t can be expressed as W e (t),
The change of W e (t) can be expressed in the following form
In Eqn. (11), the first part of the right side of the equation represents the output power of the R-EIO, and the second part represents the energy exchange between electric rings and field. According to the quality factor Q 0 equation
the following equation can be obtained, (13) where,
f (t) represents the field-level in the resonator, and according to Eqn. 13, we can see that the energy-exchange of the beam-wave interaction would be more effective as the V i (r i ) value increases. So, we should increase the V i (r i ) value by adjusting the structure parameters in the optimizing process. The resonator of R-EIO is complex, and electric field in resonator is difficult to express by equations. So, we adopted a numerical method to obtain the profile of the electric field V r (r, φ, z) using electromagnetic simulation software. To simplify the calculation, V i (r i ) is expressed by a 1-D interpolation function, where
Here, z n and V n represent the sampling coordinate and the normalized sampling radial electric field value respectively.
B. THEORETICAL CALCULATION RESULTS
In the nonlinear theory, the cold cavity electric fields exported form the 3D electromagnetic software are used to analyze the beam-wave interaction in the R-EIO. Fig. 4 shows the average value of normalized electric field on the top side or the bottom side of the beam channel section. In the theory, the operating mode determines the frequency. When the operating mode has been chosen, the electrons will interact with the field at the operating frequency only. In the theory calculation, we consider the field value as an average value over a time step.
In the theoretical calculation, using a higher value of n, the numbers of electronic rings in a frequency period, could achieve more accurate results. Considering of the radial width of the interaction gap, the n value 200 is adopted in this paper. The value of n should be dictated by the requirements of convergence, and in the theoretical calculation of this R-EIO model we have observed that the output power keeps a stable value while n ≥ 200. The theoretical calculation results are shown in Fig. 5, corresponding From Eqn. 8 and Fig. 5(a) , we can check that the maximum electric field is below the breakdown value. As seen in Fig. 5(b) , the theory calculates that the maximum output power is 1.8 kW. The CW vacuum breakdown limit for a structure of this size is obtained as f (t) = 1111, therefore we are above the breakdown value and we should decrease the current or decrease the Q 0 value by adjusting the parameters of the output port in the further optimizing process. Fig. 6 shows the phase space of one group of the electric rings. As seen in the figure, more electric rings lose energy and the high frequency field has been strengthened from the beam-wave interaction.
In addition, the quality factor value (Q 0 ) used in the theoretical calculation is from cold cavity simulation. In order to optimize the port structure parameters, we could change the Q 0 value in the theoretical calculation. Then we could adjust 374 VOLUME 3, NO. 4, JULY 2015 the parameters of the port structure to obtain the optimal Q 0 value according to the calculation results.
IV. PIC SIMULATION AND ANALYSIS
In the theoretical calculation, the focusing magnetic field was assumed as infinity, and we just considered the 1-D motion. So, it is necessary to validate the theoretical calculation by using 3D-PIC modeling to simulate the same structure with the same parameters as summarized in Table 1 [13], [14] .
In the PIC simulation, a rectangle output port located on the 4 th gap was adopted, and the focusing magnetic field is 0.4T. Fig. 7 (a) plots the PIC simulated RF power versus time, which should be integrated over a period. Thus, the output power is about half of the peak value shown in the plot. Fig. 7(b) plots the power frequency spectrum, which is twice the radiation frequency. Taking these factors into account, the PIC simulation computes the output power as 1.7 kW at a frequency of 12.5 GHz as compared with the theoretical calculation of 1.8 kW and 12.2104 GHz, respectively (as discussed in the previous section). Comparing the plots of Fig. 8 with those of the cold cavity electromagnetic simulations of Fig. 3 , we conclude that the operating mode is the fundamental mode of the R-EIO. Because of the rectangle output port located on the 4 th gap, Fig. 8(b) didn't show absolutely symmetric in the azimuthal direction. In the PIC simulation, the start current is 0.5A, while that in theoretical calculation 0.68A when n = 200. So, the theory method can also provide a valuable reference in start current test.
The discrepancies between the predictions of the PIC simulation and the theoretical calculation can be explained as follows. The theoretical method is based on a 1-D model where the axial and azimuthal components are ignored, leading to results (efficiencies) that are typically greater than that of a 3-D calculation. Not surprisingly, compared with the results from the theoretical calculation, the PIC simulation has a 5.6% reduction in the output power. However, results from the theoretical calculation and PIC simulation show similar characteristic curves. Due to the presence of the electron beam, the operating frequency of the PIC simulation is often higher than that obtained from cold cavity simulation; and the addition would increase as the current increases. In this example, the difference between the frequency obtained from the PIC simulation and the cold structure analysis is approximately 0.29 GHz. While there are some discrepancies in the values predicted by the two methods of analysis, the nonlinear theory has a significant advantage in quick and effective calculation (5 minutes of run time versus about 50 hours for the PIC code simulation).
V. CONCLUSION
In this paper, a new compact radial extended interaction oscillator has been proposed. A nonlinear theoretical simulation method based on 1-D electron ring model has also been presented to analyze the beam-wave interaction of the R-EIO. An example of R-EIO had been investigated by theoretical calculation as well as PIC simulation, and the two methods had obtained similar results. To achieve the stable operating status of the R-EIO, the theoretical calculation cost less than 5 minutes once a time, while about 50 hours for PIC simulation.
From the example of R-EIO in this paper, we can see the feasibility and good potential of the radial extended interaction structure. The nonlinear theoretical simulation method is also capable to investigate other kinds of EIO.
